Thyroid cancer incidence has risen steadily in the US for several decades. While any cause of this trend has yet to be clearly identified, most analyses have concluded that there are factors other than improved detection accounting for the increase. Since exposure to radioactive iodine is the only acknowledged root cause of thyroid cancer, a review of temporal trends in incidence since the late 1970s near the Indian Point nuclear power plant,
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er cancer in many nations, including the US. The age-adjusted annual incidence rate increased 253 percent from 4.33 to 15.27 new cases per 100,000 persons between 1980 and 2014, according to data from cancer registries in nine US cities and states comprising about one-tenth of the national population. Approximately 57,000 Americans will be diagnosed with the condition in 2017. Large and sustained increases have been documented for both genders, all races, and all age groups [1] .
For over a decade, numerous articles in the professional literature have assessed potential reasons for this trend in the US. Several have attributed the increase solely to the greater ability of diagnosing the condition, particularly relatively small thyroid cancers [2] [3] [4] [5] . However, many more reviews have concluded that at most, only a portion of the increase could be due to improved diagnosis or surveillance, and that other factors have contributed to rising US thyroid cancer incidence [6] - [18] .
With no consensus on the etiology of this temporal pattern, assessments of potential causative factors are merited. Universal agreement exists on only a small number of such factors. One is the presence of certain genetic mutations [19] , especially familial medullary thyroid cancer or multiple endocrine neoplasia. Another is female gender, which accounts for three-fourths of all US thyroid cancer cases.
But neither of these can be considered as a root cause, but instead are outcomes of still-unknown causes [20] .
The risk factor, and the only root cause, universally recognized to cause thyroid cancer is exposure to high levels of ionizing radiation [20] . Even though there may be other factors not yet recognized that increase thyroid cancer risk, ionizing radiation must be included in any analysis of temporal trends of the disease. This factor has been recognized from studies of therapeutic head and neck irradiation (discontinued by the late 1950s) [21] [22] , and from exposures to the various radioactive iodine isotopes, created in atomic bomb detonations and nuclear reactor operations, principally the Chernobyl meltdown of 1986. Elevated thyroid cancer rates in populations exposed to high doses of radioiodine include survivors of the Hiroshima and Nagasaki bombs in 1945 [23] [24] [25] , and residents of the Marshall Islands exposed to fallout from 20 atmospheric weapons tests in the 1950s and early 1960s [26] .
However, considerable numbers of studies have been published in the literature on relatively low doses of radioiodine and resulting thyroid cancer incidence.
One report on elevated cancer rates in Hiroshima survivors noted that absorbed doses were relatively low to moderate [25] . The US government, which kept measurements of I-131 in milk for many US cities [27] , calculated I-131 doses from atmospheric atomic bomb test fallout among the 100 Nevada tests [28] for children in each US county [29] ; although doses were well below those for Japanese bomb survivors and South Pacific residents, authors calculated that as many of 212,000 of these Americans subsequently developed thyroid cancer from fallout [30] .
Perhaps the earliest attempt to assess thyroid cancer risk from routine operations of US nuclear power plants was contained in a study by the US. National Cancer Institute (four sites in Connecticut and Iowa). Table 1 shows that the Standard Incidence Ratio (SIR, home county rate as a proportion of the state rate) for thyroid cancer increased in each of the four areas; the total SIR for all areas rose from 0.785 to 0.950, significant at p < 0.05 [31] .
The data from Table 1 may or may not have relevance to studies of thyroid cancer near nuclear reactors. The data only cover periods prior to 1985, and areas near only four nuclear plants are included. But the consistent patterns of increasing incidence near each plant suggest that more reviews are needed.
I-131 dose estimates from the 1979 partial meltdown at the Three Mile Island nuclear plant in Pennsylvania also presented an opportunity to assess subsequent temporal changes in thyroid cancer incidence. Local rates increased substantially, but researchers were unable to establish a correlation with exposure from the meltdown [32] [33] [34] .
Nuclear power plants release a relatively small amount of the radio nuclides produced in reactors into local air and water. While only a few studies have been published on thyroid cancer trends near US nuclear power reactors, these present a logical opportunity for such reviews. Among the 99 currently operating nuclear power reactors in the US, more than half have been operational for over 40 years; several began operations 1969.
The few studies in the published literature are observational studies, cited above, which provide incidence rates near nuclear plants. Perhaps the greatest limit to these analyses is the difficulty in calculating a precise dose rate, even for iodine isotopes; government requirements to measure and report such data are modest, and (except for I-129) all radioactive iodine isotopes have short half-lives that make testing in vivo samples impossible, and testing environmental samples elusive.
A recent article made a finding unique in thyroid cancer studies, and probably in radiation studies. The report assessed presence or absence of genetic mutations in DNA and RNA of 44 thyroid cancer patients who lived near the Three Cases had a significantly (p = 0.04) lower proportion of BRAFV600 Emutations, which are not associated with radiation-induced thyroid cancer. Authors conclude that the data suggest radiation released from the meltdown may have contributed to the development of thyroid cancer in some patients [35] .
This recent finding suggests further study be conducted on thyroid cancer pat- 
Materials and Methods
This review will compare temporal trends in thyroid cancer incidence in the areas closest to Indian Point to US trends. The target population selected for study includes the New York counties of Orange, Putnam, Rockland, and Westchester. Indian Point lies at the crossroads of these four counties, and virtually all its 1.78 million residents live within 20 miles of the plant, meaning that the greatest levels of fallout from routine airborne and waterborne emissions will enter bodies of these residents. The only study of in vivo radioactivity levels near US nuclear plants ever conducted measured concentrations of radioactive Strontium-90 in deciduous teeth, mostly near six nuclear plants. Of these, the highest average concentration was observed in these counties closest to Indian Point [38] . (1973 and 1976) . It is highly likely that few, if any, 1976-1981 thyroid cancer cases were caused by emissions from these reactors, as the latency period between exposure and cancer manifestation is acknowledged to be between several years and decades. Thus, the earlier period can be considered a baseline to be compared to future years, when any radiation-related thyroid cancers near Indian Point could be expected.
The relative ratio (RR) will be calculated by comparing the local rate versus the US. For example, if the four-county rate is 15.3% below that of the five states and four counties, the RR will be 0.857; if the local rate were 20.1% higher, the RR would be 1.201. Trends in RR after 1976-1981 ("expected"), versus the US, will be the basis for evaluating whether subsequent trends are greater or lower than expected.
Actual rates are available for each gender in each of the four counties closest to Indian Point and the US. In addition, estimated rates will be calculated for both genders combined in each of the four counties, and for males, females, and both genders in all four counties combined. Calculations will be made by weighing rates proportionate to populations in each group. US Census Bureau annual populations, used in analyses by the US Centers for Disease Control and Prevention, are used [40] . For example, calculating a rate for males and females combined will weigh the female population (typically about 51%) and male population (about 49%). This estimated rate closely approximates the actual rate. For example, the age-adjusted US thyroid cancer rates for males and females for 2010-2014 are 7.1 and 21.0, respectively. The estimated rate, 14.2 (rounded to one decimal place) is equal to the actual rate of 14.2 given in official statistics [1] . The four-county estimate uses county-specific populations; the 2016 proportions accounted for by each county are given in Table 2 [41] .
Statistical significance of differences between local vs. US rates is calculated by using the 95% confidence interval provided by the New York State Cancer Registry, for each period, for each gender and county. Table 3 and Figure 1 beginning 1994, all local rates were significantly greater than the US Prior to that, rates were significantly lower for all three periods (females), and two of three periods (total).
Results
In 1976-1981, the thyroid incidence rate in the Indian Point area was well below that of the nation. The RRs in four-county area were 0.945, 0.705, and 0.778 for males, females, and both genders (Table 3) . A steady increase in RR was observed for the next four periods for males, females, and both genders, reaching J. Mangano, J. Sherman Journal of Environmental Protection 
Discussion
We have observed a steady rise in thyroid cancer incidence RR in the four coun- These data, the known latency between exposure and manifestation of thyroid cancer of five years to several decades, and the recent finding that thyroid cancer near the Three Mile Island nuclear plant after its partial meltdown is linked with an unusually high proportion of cases with mutations associated with thyroid cancer [19] , suggest that Indian Point may be one cause of elevated local thyroid cancer rates, and that further analysis is merited. The data do not represent conclusive proof of a cause-and-effect association, but are a reminder of the need to conduct more studies addressing the issue of potential spatial relations between environmental iodine and local risk of thyroid cancer.
US thyroid cancer increases are not limited to the Indian Point area. We observed that thyroid is the fastest-rising malignancy in the nation, beginning about 1980-when a large expansion of nuclear power reactors and their electrical production were ongoing, given in Table 6 [44]. Any further review of thyroid cancer trends should include consideration of potential risk from iodine emitted from reactors across the US.
We recommend that future analyses be conducted. More detailed review of any demographic changes in the local area near Indian Point in the past four 
